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Abstract—Cognitive radio networks (CRNs) are considered a
promising solution for spectrum resources scarcity and efficient
channel utilization. In this letter, multi-dimensional analytical
Markov model based on reservation channel access scheme and
channel aggregation method is proposed to enhance spectrum
utilization, capacity of low priority secondary users (SUs) and
reducing handoff probability of SUs. Moreover, the proposed
method improves the performance of high priority SUs by
providing the capability to resume the connection after dropping.
The numerical results indicate that the modified reservation
access model can enhance the performance of SUs compared
to the traditional basic random access model.
Index Terms—Cognitive radio, Markov model, channel alloca-
tion, spectrum access, capacity, spectrum utilization.
I. INTRODUCTION
IN the recent years, the fast growth in wireless and com-munication technologies, combined with the increasing
demand for spectral resources, has turned the attention of
researchers towards solving spectrum scarcity issue. Cogni-
tive radio (CR) has attained increasing popularity due to its
capability of utilizing the idle channels dynamically without
affecting the rights of primary user (PU), addressing the
spectrum scarcity issue to an extent [1], [2].
Dynamic channel allocation and spectrum access are iden-
tified as a core concepts of CR, where secondary users (SUs)
can exploit the idle spectrum of PUs [2]. In [3], a novel
channel allocation scheme using Markov model is proposed
to boost the performance and quality of service (QoS) for the
high priority SU. A dynamic channel aggregation mechanism
based on the Markovian prediction of the state of spectrum
is presented in [4] which promises enhanced spectrum ef-
ficiency and improved data rate. Continuous time Markov
chain (CTMC) models are proposed in [5] to analyze the
performance of the secondary network when channels are
opportunistically available for SUs using different channel
aggregation or bonding strategies without considering spectral
handoff. A dynamic spectrum access and channel reservation
Markov model considering the priority of PUs and SUs is
proposed to optimize the number of reserved channels [6].
For improving channel utilization, the authors in [7] de-
veloped a priority-based spectrum allocation model for SUs
based on their quality of experience (QoE) requirements.
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Also, a management strategy is presented to overcome the
interruptions caused by handoff. In [8], a buffering and switch-
ing scheme for admission control is proposed to enhance
the performance of SUs using CTMC. In [9], the authors
investigate three dimensional analytical Markov model using
random and reservation channel access schemes considering
the priority of SUs to enhance their QoS. In this letter, a novel
efficient spectrum resource utilization scheme is proposed
using analytical five dimensional Markov model based on
channel aggregation and dynamic reservation channel access
assignment to enhance the performance of SUs. Furthermore,
the complexity analysis of the proposed model is provided.
Thus, comparing with the work in [9], our contribution can
be summarized as follows:
• Minimizing starvation of low priority SUs.
• Improving spectrum utilization and capacity of low pri-
ority SUs.
• Decreasing the handoff probability of SUs.
• Improving the performance of high priority SUs by
providing the capability to resume the connection after
dropping.
Increasing number of channels in this work enabled us to
implement the aggregation and reservation channel model.
This letter is organized as follows: Section II describes the
analytical models; Section III presents the performance metrics
and complexity analysis; Section IV provides numerical results
and analysis; Section V concludes the letter.
II. ANALYTICAL MODELS
Cognitive radio model consists of a central base station
(CBS), finite PUs and infinite SUs, where PUs and SUs are
operating on the same licensed spectrum band which is divided
into M homogeneous channels. Furthermore, k represents
the total number of PUs and equal bandwidth channels are
assumed for each SU and PU. PUs have the right to use and
reclaim channels at any time, but each PU can only occupy one
channel in its service. The arrival rates of SUs and PUs follow
the Poisson process with rates of λs and λp , respectively.
The service times of SUs and PUs follow negative exponential
distribution with service rates µs and µp , respectively. CBS
has historical database of QoS which is collected by perfect
spectrum sensing of SUs. Therefore, CBS is responsible to
allocate suitable idle channels to SUs and classify SUs and
channels based on channel utilization.
A. Basic Random Access Model
In this model, it is assumed that SUs are classified to l
different classes of priorities where the element jl represents
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2TABLE I: State transitions of basic random access model at state S(i, j1, j2).
Event / Action Conditions New state Trans rate
AR. PU / PU will utilize idle channel. N idle > 0 S′(i+ 1, j1, j2) a∗
AR. PU / SU will handoff to idle channel. N
idle > 0, PU accesses
S′(i+ 1, j1, j2) b∗channel utilized by SU.
AR. PU / One of low priority SU-2 will be dropped. N idle = 0, j2 > 0 S′(i+ 1, j1, j2 − 1) c∗
AR. PU / One of high priority SU-1 will be dropped. N idle = 0, j1 > 0, j2 = 0 S′(i+ 1, j1 − 1, j2) c∗
Dep. PU / Arrival PU/SU can use this idle channel. −−−− S′(i− 1, j1, j2) iµp
AR. SU-1 / SU-1 will occupy any idle channel. N idle > 0 S′(i, j1 + 1, j2) λs
AR. SU-1 / One of the low priority SUs-2 will be dropped. N idle = 0, j2 > 0 S′(i, j1 + 1, j2 − 1) λs
AR. SU-1 / SU-1 will be blocked. N idle = 0, j2 = 0 −−−− −−−−
Dep. SU-1 / Arrival PU/SU can use this idle channel. −−−− S′(i, j1 − 1, j2) j1µs
AR. SU-2 / SU-2 will occupy any idle channel. N idle > 0 S′(i, j1, j2 + 1) λs
AR. SU-2 / SU-2 will be blocked. N idle = 0 −−−− −−−−
Dep. SU-2 / Arrival PU/SU can use this idle channel. −−−− S′(i, j1, j2 − 1) j2µs
*a = (M−Cx)
(M−i) (k − i)λp *b =
(j1+j2)
(M−i) (k − i)λp *c = (k − i)λp
the number of SUs of class l (l = 1, 2). Random access
of channel due to calls follows CTMC model. The states of
Markov model are represented as S(i, j1, j2), where i, j1 and
j2 represents the number of primary channels occupied by
PUs, the number of high priority class-1 SUs (SUs-1) and
the number of low priority class-2 SUs (SUs-2), respectively.
M is the total number of available channels. Furthermore,
Cx = (i+j1+j2) and N idle =M−Cx are the total number of
occupied and idle channels at any state, respectively. The state
of Markovian model S(i, j1, j2) will be changed to another
state S′(i, j1, j2) based on arrival/departure of PUs and SUs as
summarized in TABLE I. The steady state probability vector pi
can be calculated by solving linear equation piQ = 0 under the
constraint pie = 1 using numerical method presented in [10],
where Q is the transition rate matrix for this basic Markovian
model and e is a column vector with all ones.
B. Proposed Modified Reservation Access Model
The proposed method improves the basic model by support-
ing the low priority SUs-2 to occupy more channels, minimize
their starvation of resources and enhance the performance by
using reservation channels access and channels aggregation
method. This strategy allows the channels to be grouped and
specifically used for SUs-2. Moreover, the proposed method
also enhances the performance of SUs-1, especially urgent data
users by allowing them to resume the connection after it is
dropped. In order to achieve this, SUs are divided into three
different classes based on their priorities.
CTMC model is proposed to describe the reservation chan-
nel access strategy. The state of modified Markov model
is represented as Z(i, j′1, j1, jm, jn), where i represents the
number of primary channels occupied by PUs, j′1, j1, jm
and jn represent the number of returned-class-1 (SUs-R1),i.e,
urgent data SUs who resume the connection after dropping, the
number of SUs-1, i.e, real time data SUs, the number of SUs-2,
i.e, non-real time data SUs who aggregate m and n channels,
respectively. m and n represent the maximum and minimum
number of aggregation channels, respectively. Consequently,
the number of SUs-2 is j2 = (jm + jn). Any incoming
PU should first occupy Mrp which are reserved channels for
PUs. Afterwards, PUs will start to occupy unreserved channels
randomly.
Assume that SUs-R1 have the ability to utilize M ′1 channels
only. However, if SUs-R1 do not exist, SUs-1 can utilize
these channels. Mr2 is the number of reserved channels for
SUs-2 only. Thus, the total available number of channels
for SUs-1 and SUs-2 is M1 = (M − Mrp − Mr2) and
M2 = (M − Mrp − M ′1), respectively. While, Mx = [i +
j′1 + j1 + mjm + njn] and M
idle = (M − Mx) are the
total number of occupied and idle channels at any state,
respectively. According to arrival/departure of PUs and SUs,
the state transition of Markov model Z(i, j′1, j1, jm, jn) will
be changed to another state Z ′(i, j′1, j1, jm, jn) as summarized
in TABLE II. The steady state probability vector pi can be
calculated by solving linear equation piP = 0 under the
constraint pie = 1 using numerical method presented in [10],
where P denotes the transition rate matrix for Markov model
and e is a column vector with all ones.
III. PERFORMANCE METRICS AND COMPLEXITY
ANALYSIS
In this section, the evaluation metrics equations will be
derived. The performance of the basic and proposed modified
models will be evaluated in terms of spectrum utilization,
capacity, blocking probability and hand off probability of SUs.
A. Capacity
The capacity of SUs is denoted as the average number of
completed service requests per unit time. In other word, the
capacity is defined as the multiplication of the total number
of SU, service rate of SU and steady state probability of SU
at the target states [11].
1) Basic random channel access model: The capacity of
SUs can be expressed as ρ1 and ρ2 for SUs-1 and SUs-2,
respectively.
ρ1 =
∑
s∈S
j1µspis. (1)
ρ2 =
∑
s∈S
j2µspis. (2)
3TABLE II: State transitions of modified reservation access model at state Z(i, j′1, j1, jm, jn).
Event / Action Conditions New state Trans rate
AR. PU / PU will utilize reserved idle channel. M idle > 0, i < Mrp Z′(i+ 1, j′1, j1, jm, jn) c
′∗
AR. PU / PU will utilize unreserved idle channel. M idle > 0, Mrp ≤ i < M Z′(i+ 1, j′1, j1, jm, jn) a′∗
AR. PU / SU will handoff to another idle channel. M
idle > 0, Mrp ≤ i < M , PU Z′(i+ 1, j′1, j1, jm, jn) b′∗accesses channel utilized by SU.
AR. PU / One of aggregated SUs-2 will lose
M idle = 0, jm > 0 Z′(i+ 1, j′1, j1, jm − 1, jn + 1) c′∗one of his aggregated channels.
AR. PU / One of SUs-R1 will be dropped. M
idle = 0, jm = 0, PU accesses Z′(i+ 1, j′1 − 1, j1, jm, jn) c′∗channel utilized by SU-R1.
AR. PU / One of SUs-1 will be dropped. M
idle = 0, jm = 0, PU accesses Z′(i+ 1, j′1, j1 − 1, jm, jn) c′∗channel utilized by SU-1.
AR. PU / One of SUs-2 will be dropped. M
idle = 0, jm = 0, PU accesses Z′(i+ 1, j′1, j1, jm, jn − 1) c′∗channel utilized by SU-2.
Dep. PU / Arrival PU/SU can use this idle channel. −−−− Z′(i− 1, j′1, j1, jm, jn) iµp
AR. SU-R1 / SU-R1 will occupy any idle channel. M idle > 0, j′1 < M
′
1 Z
′(i, j′1 + 1, j1, jm, jn) λs
AR. SU-R1 / One of aggregated SUs-2 will lose
M idle = 0, j′1 < M
′
1, jm > 0 Z
′(i, j′1 + 1, j1, jm − 1, jn + 1) λsone of his aggregated channels.
AR. SU-R1 / One of SUs-2 will be dropped. M
idle = 0, j′1 < M
′
1, jm = 0, Z′(i, j′1 + 1, j1, jm, jn − 1) λsjn > Mr2
AR. SU-R1 / One of SUs-1 will be dropped. M
idle = 0, j′1 < M
′
1, j1 > 0, Z′(i, j′1 + 1, j1 − 1, jm, jn) λsjm = 0, jn ≤Mr2
AR. SU-R1 / SU-R1 will be blocked. M
idle = 0, j′1 ≤M ′1, j1 = 0, −−−− −−−−
jm = 0, jn ≤Mr2
Dep. SU-R1 / Arrival PU/SU can use this idle channel. −−−− Z′(i, j′1 − 1, j1, jm, jn) j′1µs
AR. SU-1 / SU-1 will occupy any idle channel. M idle > 0, j1 < M1 Z′(i, j′1, j1 + 1, jm, jn) λs
AR. SU-1 / One of aggregated SUs-2 will lose
M idle = 0, j1 < M1, jm > 0 Z′(i, j′1, j1 + 1, jm − 1, jn + 1) λsone of his aggregated channels.
AR. SU-1 / One of SUs-2 will be dropped. M
idle = 0, j1 < M1, jm = 0, Z′(i, j′1, j1 + 1, jm, jn − 1) λsjn > Mr2
AR. SU-1 / SU-1 will be blocked. M idle = 0, jm = 0, jn ≤Mr2 −−−− −−−−
Dep. SU-1 / Arrival PU/SU can use this idle channel −−−− Z′(i, j′1, j1 − 1, jm, jn) j1µs
AR. SU-2 / SU-2 will aggregate m idle channels. M idle > 0, (mjm + njn) < M2 Z′(i, j′1, j1, jm + 1, jn) λs
AR. SU-2 / One of aggregated SUs-2 will lose M idle ≥ 0, jm > 0, jn ≥ 0, Z′(i, j′1, j1, jm − 1, jn + 2) λsone of his aggregated channels. (mjm + njn) < M2
AR. SU-2 / SU-2 will be blocked. M idle = 0, jm = 0, jn =M2 −−−− −−−−
Dep. SU-2 / Arrival PU/SU can use this idle channel. jm > 0, jn = 0 Z′(i, j′1, j1, jm − 1, jn) j2µs
Dep. SU-2 / Arrival PU/SU can use this idle channel. jm ≥ 0, jn > 0 Z′(i, j′1, j1, jm + 1, jn − 2) j2µs
*a′ = M−(i+j
′
1+j1+j2)
(M−i) (k − i)λp *b′ =
(j′1+j1+j2)
(M−i) (k − i)λp *c′ = (k − i)λp
2) Modified reservation channel access model: The capac-
ity of SUs can be expressed as ρ′R1, ρ
′
1 and ρ
′
2 for SU-R1,
SUs-1 and SUs-2, respectively.
ρ′R1 =
∑
z∈Z
j′1µspiz. (3)
ρ′1 =
∑
z∈Z
j1µspiz. (4)
ρ′2 =
m∑
k=n,z∈Z
kjkµspiz. (5)
B. Spectrum Utilization
The spectrum utilization of the network can be defined as
the ratio between the average number of occupied channels
and total number of channels at the target states [12].
1) Basic random channel access model: The spectrum
utilization, U , is given by
U =
∑
s∈S
Cx
M
pis. (6)
2) Modified reservation channel access model: The spec-
trum utilization, U ′, is given by
U ′ =
∑
z∈Z
Mx
M
piz. (7)
C. Blocking Probability
If a system is totally occupied, the arriving SU will be
blocked from getting any resources. The probability of this
event is presented in [12]–[14] and evaluated by
Pb =
Total SU blocking rate
Total user arrival rate
=
λspi
(k − i)λp + λs . (8)
1) Basic random channel access model: Let Pb1 and Pb2
be the blocking probability of SU-1 and SU-2, respectively,
[9].
Pb1 =
M∑
i=0,s∈S
M∑
j1=0,j2=0;N
idle=0
λspis
(k − i)λp + λs . (9)
Pb2 =
M∑
i=0,s∈S
M−(i+j2)∑
j1=0,N
idle=0
λspis
(k − i)λp + λs . (10)
42) Modified reservation channel access model: Let P ′bR1,
P ′b1 and P
′
b2 be the blocking probability of SU-R1, SU-1 and
SU-2, respectively.
P ′bR1 =
M∑
i=0,z∈Z;j′1=M ′1
λspiz
(k − i)λp + λs . (11)
P ′b1 =
M∑
i=0,z∈Z
M1∑
j1=0,j
′
1+j1=M1;
i+j′1+j1≥M−Mr2
λspiz
(k − i)λp + λs . (12)
P ′b2 =
M∑
i=0,z∈Z
M1∑
j1=0,jn=M2,jm=0;
j′1+j1+jn=M2,jm=0
λspiz
(k − i)λp + λs . (13)
D. Hand off Probability
If PUs arrive to a certain channel which is occupied by
SU while idle channels are available, SU will be handed off
to the idle channel to resume the transmission. The handoff
probability is presented in [14] and evaluated by
Ph =
Total SU transition rate
Total user connection rate
=
f(j)
M−i (k − i)λppi
f(Pb)((k − i)λp + λs) ,
(14)
where f(j) and f(Pb) are two factors that depend on
the number of the existing SUs at the state and blocking
probability, respectively, and vary based on the class of SU.
1) Basic random channel access model: Let Ph1 and Ph2
be the handoff probability of SU-1 and SU-2, respectively [9].
Ph1 =
M∑
i=0,s∈S
M−(i+j2+1)∑
j1=1,N
idle>0
j1
M−i (k − i)λppis
(1− Pb1)((k − i)λp + λs) . (15)
Ph2 =
M∑
i=0,s∈S
M−(i+j1+1)∑
j2=1,N
idle>0
j1+j2
M−i (k − i)λppis
(1− Pb2)((k − i)λp + λs) . (16)
2) Modified reservation channel access model: Let P ′hR1,
P ′h1 and P
′
h2 be the handoff probability of SU-R1, SU-1 and
SU-2, respectively.
P ′hR1 =
M∑
i=Mrp,z∈Z;j′1=M ′1
Mx=M,jm>0;
Mx<M,jm=jn=0;
Mx<M,jn=0
j′1
(M−i) (k − i)λppiz
(1− P ′bR1)((k − i)λp + λs)
. (17)
P ′h1 =
M∑
i=Mrp
z∈Z
M−M ′1∑
j1=1
Mx<M,jn=0
Mx=M,jm>0
Mx<M,jm=jn=0
j′1+j1
(M−i) (k − i)λppiz
(1− P ′b1)((k − i)λp + λs)
. (18)
P ′h2 =
M∑
i=Mrp,z∈Z
Mx=M,j2 6=0,jm>0
Mx<M,jn=0,jm 6=0;
Mx<M,jm=0,jn 6=0;
Mx<M,jm 6=0,jn 6=0
j′1+j1+j2
(M−i) (k − i)λppiz
(1− P ′b2)((k − i)λp + λs)
. (19)
E. Complexity Analysis
In this subsection, the complexity of the basic and proposed
modified models is measured by the number of total states
that represents both models tacking into account the state
dimension size. For the basic model, the states are represented
by a 3-D Markov model. Thus, the complexity of basic model,
ψbasic, is given by
ψbasic =
M+1∑
v=1
v∑
w=1
w =
M3
6
+M2 +
11M
6
+ 1. (20)
For the proposed model, the states are represented by a 5-D
Markov model. Therefore, the complexity of proposed model,
ψprop, is given by
ψprop = (Mrp + 1)
M−Mrp∑
v=Mrp
2v + (M −Mrp)
+M−Mrp∑
w=1
w2
=
M3
3
+
3M2
2
− 23M
6
− 7.
(21)
It should be noted that the last line in (21) is calculated at
Mrp = 2 as used in the proposed model. From (20) and (21),
the complexity order of the basic and proposed models are
O(M36 ) and O(M
3
3 ), respectively.
IV. NUMERICAL RESULTS AND ANALYSIS
In this section, the performance of the basic and modified
models will be analyzed with different arrival and service rates
of SUs in terms of spectrum utilization, capacity, blocking
probability and handoff probability using the derived analytical
equations. The parametric values of analytical models are set
as M=7, Mrp=2, M ′1=1, Mr2=1, m=2, n=1, k=10, λp=0.05
call/sec and µp=0.4 call/sec. In case of increasing SUs’ arrival
rate values used are λs=0.1 to 0.5 call/sec and µs=0.5 call/sec.
Similarly, for increasing SUs’ service rate values are set as
λs=0.25 call/sec and µs=0.25 to 0.5 call/sec.
As shown in Fig. 1(a), the capacity of SUs increases with
SUs’ arrival rates because of increasing channel access re-
quests. Furthermore, the modified model increases the capacity
of SUs-2 as compared to the basic model due to channel reser-
vation strategy. In contrast, the capacity of SUs-R1 is small
because of their ability to access only one channel to continue
the connection. Fig. 1(b) illustrates that, spectrum utilization is
improved for the modified model due to the applied aggrega-
tion method of channels which enables efficient utilization. In
addition, this figure indicates that increasing SUs’ arrival rate
leads to reduced idle time, improving spectrum utilization.
Fig. 1(c) illustrates that the blocking probability of SUs in-
creases with increasing SU arrival rate because of the increased
channel access requests. Moreover, SUs-R1 have the higher
blocking probability because of the limited number of channels
which are available for them. Fig. 1(d) shows reduction in
handoff probability for the modified model comparing to the
basic model due to reserved channels for PUs and SUs-2.
Accordingly, the probability that PUs access certain channels
occupied by SUs is reduced. In addition, this figure shows that
increasing SUs’ arrival rate will increase handoff probability
because of higher channel access request.
50.1 0.2 0.3 0.4 0.5
(a) Increase SUs arrival rate(call/second)
0
0.2
0.4
0.6
0.8
Ca
pa
cit
y 
of
 S
Us
Basic-SU-1
Modified-SU-1
Basic-SU-2
Modified-SU-2
Modified-SU-R1
0.1 0.2 0.3 0.4 0.5
(b) Increase SUs arrival rate(call/second)
0.2
0.3
0.4
0.5
0.6
Sp
ec
tru
m
 U
tili
za
tio
n
Basic-Model
Modified-Model
0.1 0.2 0.3 0.4 0.5
(c) Increase SUs arrival rate(call/second)
0
0.05
0.1
0.15
0.2
0.25
0.3
Bl
oc
ki
ng
 P
ro
ba
bi
lity
 o
f S
Us
Basic-SU-1
Modified-SU-1
Basic-SU-2
Modified-SU-2
Modified-SU-R1
0.1 0.2 0.3 0.4 0.5
(d) Increase SUs arrival rate(call/second)
0
0.02
0.04
0.06
0.08
0.1
0.12
H
an
do
ff 
Pr
ob
ab
ilit
y 
of
 S
Us
Basic-SU-1
Modified-SU-1
Basic-SU-2
Modified-SU-2
Modified-SU-R1
Fig. 1: Performance metrics of SUs for SUs’ arrival rates.
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Fig. 2: Performance metrics of SUs for SUs’ service rates.
In Fig. 2(a), idle time will increase with the increase in
service rate of SUs, i.e., more channels will be available for
the different classes of SUs. Consequently, the capacity of
SUs is increased. Also, it is noticeable that low priority SUs-
2 in the modified model have the highest capacity compared
to the basic model due to reserved channels while SUs-R1
have the lowest capacity because of the limitation of their
available channels. Fig. 2(b) shows that the modified model
enhances the spectrum utilization compared to the basic model
because of using channel aggregation ensuring more efficient
utilization of channels. The decreasing trend of the same with
increase in service rate is due to the fact that with this faster
service, channels will be idle for longer periods of time. Due
to the same reason, blocking probability will be reduced, as
shown in Fig. 2(c). Following the same reasoning, there would
be lesser number of handoffs required, as illustrated in Fig.
2(d). Note that handoff probability of the modified model is
less than that of the basic model for different classes of SUs
as a direct result of using reserved channels.
V. CONCLUSION
In this letter, a novel efficient Markov model based spectrum
utilization scheme is proposed which enables dynamic re-
served channel access and channel aggregation. The numerical
results of the modified model show significant improvement
in the performance of cognitive radio system compared to the
basic model by minimizing starvation of low priority SUs,
improving spectrum utilization and capacity of low priority
SUs, decreasing the handoff probability of SUs and enabling
high priority SUs to resume the connection after dropping at
the cost of increased blocking probability.
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